NOTCH1 is frequently mutated in human precursor T-cell lymphoblastic leukemia/ lymphoma (pre-T LBL). In the current study, we found that 
Introduction
NOTCH1 has been implicated in the pathogenesis of precursor T-cell lymphoblastic leukemia/lymphoma (pre-T LBL). [1] [2] [3] [4] [5] It has recently been shown that over 50% of human pre-T LBL samples that did not have chromosomal aberrations involving NOTCH1 had activating mutations in the heterodimerization (HD) and/or the PEST domain of NOTCH1. 6 We searched for activating Notch1 mutations in pre-T LBL from SCL/LMO1, 7 OLIG2, OLIG2/ LMO1, 8 LMO1, 9 and NUP98/HOXD13 (NHD13) transgenic mice 10 and p27 Ϫ/Ϫ /SMAD3 Ϫ/ϩ mice. 11 We chose to focus our studies on SCL/LMO1 mice, since SCL is frequently activated by chromosomal rearrangement in human pre-T LBL. 12 To investigate the timing of Notch1 mutation, we studied thymocytes harvested from clinically healthy SCL/LMO1 mice aged 4 to 12 weeks.
Study design Cell lines
Cell lines were established as previously described. 8 F4-6 is a Friend virus-induced erythroleukemia cell line. 13 Cell lines were seeded at a concentration of 1 ϫ 10 4 cells/mL and treated with 5 M of Z-IL-CHO (␥-secretase inhibitor XII; GSI) or DMSO for 72 hours and evaluated by trypan blue exclusion. Rescue of GSI treatment was performed on a SCL/LMO1 cell line stably transfected with a human ICN1 (intracellular NOTCH1) vector. 14 Notch1 protein expression was determined by Western blot using an anti-Notch1 monoclonal antibody (mN1A; Santa Cruz Biotechnology, Santa Cruz, CA). Statistical significance was determined using a Student t test.
Sequence analysis
The HD and PEST domains of Notch1 were amplified with exon 26 (i25F1: 5Ј-GGCTGAGTTTCTTTAGAGTC-3Ј, and i26R1: 5Ј-CCTCCCCTGAG-GTTACACCT-3Ј), exon 27 (i26F1: 5Ј-GAGTGTCCCATTGCGGGGCT-3Ј, and i27R1: 5Ј-TGCAGAGGTCAGAAAGTGTT-3Ј), and PEST domain primers (PEST2: 5Ј-GCCTCTGGAATGTGGGTGAT-3Ј, and PEST1: 5Ј-TACCAGGGCCTGCCCAACAC-3Ј), respectively. The polymerase chain reaction (PCR) was performed using the same protocol as previously described. 15 PCR products were gel purified and the sequence was compared with wild-type Notch1 (GenBank no. AL732541.11).
Transplantation of thymocytes
Thymocytes (5 ϫ 10 6 ) from SCL/LMO1 transgenic mice aged 5 to 12 weeks were injected into nude mice intraperitoneally. Mice were killed when signs of illness developed. 16, 17 The treatment protocol was approved by the Animal Use Committee at both Roswell Park Cancer Institute and the National Cancer Institute.
Southern blot analysis for Tcrb gene rearrangements
Genomic DNA was digested with SstI, size fractionated, transferred to nitrocellulose, and hybridized to a 32 P-labeled 0.4 kb Tcrb probe. 17 
Results and discussion

Notch1 mutations in murine pre-T LBL
We studied 19 pre-T LBL cell lines (13 SCL/LMO1, 3 OLIG2/ LMO1, 1 LMO1, and 2 NHD13; Table 1 ). All mutations were heterozygous except for 2 cell lines (6605/4 and 6781/3) that lost the wild-type Notch1 allele. Notch1 mutations were found in 11 (85%) of 13 of the SCL/LMO1 cell lines. Of these, 10 had mutations in the PEST domain, all insertions or deletions, whereas only 1 showed a mutation in the HD domain. The mutations in the OLIG2/LMO1 and LMO1 cell lines were both insertion mutations in the PEST domain that resulted in premature stop codons.
Notch1 is cleaved to the oncogenic form (intracellular Notch1 or ICN1) by ␥-secretase. Some human pre-T LBL cell lines that harbor NOTCH1 mutations are sensitive to GSI, 6 suggesting that ongoing signals from the ICN1 are required to maintain the malignancy. Similar to findings with human pre-T LBL cell lines, 6 we found that some of the murine pre-T LBL cell lines with Notch1 mutations were sensitive to GSI treatment ( Figure S1 , available on the Blood website; see the Supplemental Figure link at the top of the online article). SCL/LMO1 cell line 3781 showed a decrease in ICN1 expression and growth inhibition following GSI treatment ( Figure S1A ). Stable transfectants (ICN2 and ICN4) of the SCL/LMO1 cell line 6812/2 that expressed human ICN1 (hICN1) were no longer sensitive to GSI, whereas the transfectants that either did not express hICN1 or carried the empty vector remained sensitive to the GSI (Figure S1B-C). Taken together, these findings suggest that Notch1 was functionally activated by Notch1 mutations.
We expanded the survey to 49 pre-T LBL thymic tumors from several lines of genetically modified mice (Table 2) . Those primary tumors included 17 tumors from which we established cell lines. The mutations in the cell lines were identical to those detected in the primary tumors with 3 exceptions. Although the primary tumor from mouse 6600/1 had a PEST domain mutation, the cell line derived from this mouse did not have this mutation. The primary tumor from mouse 6605/4 showed both an insertion of AG and a direct repeat insertion of 60 bp at different regions of the PEST domain, whereas the cell line had only the direct repeat insertion and lost the wild-type allele. The mutation in 6781/3 was heterozygous in the primary tumor, whereas the cell line lost the wild-type allele. In total, Notch1 mutations were found in 22 of 28 SCL/LMO1, 0 of 2 OLIG2, 3 of 6 OLIG2/LMO1, 1 of 2 LMO1, 3 of 9 NHD13, and 2 of 4 p27 Ϫ/Ϫ /SMAD3 ϩ/Ϫ primary tumors or cell lines. Of the 32 mutations that were identified, only 6 mutations (all missense) were found in the HD domain. Three mutations (6781/3, 262, 8013) were in positions mutated in human pre-T LBL, and the remaining 3 were at positions conserved in human, mouse, chicken, frog, and fish. 6 All 26 mutations within the PEST domain involved nucleotide insertions and/or deletions, as opposed to single-base substitutions. Interestingly, 13 independent mutations were found at nucleotide numbers 66278-80 or 66391-92, indicating that these positions might represent "hot spots" for insertion/deletion mutations.
Notch1 mutations in clinically healthy SCL/LMO1 mice
Since SCL/LMO1 mice do not have Notch1 mutations in the germ line, these must be acquired mutations. To investigate the timing of Notch1 mutations in SCL/LMO1 mice, we examined thymocytes from clinically healthy SCL/LMO1 mice aged 4 to 12 weeks. We previously demonstrated [16] [17] [18] that thymocytes from 4-to 5-week-old SCL/LMO1 mice had decreased total thymocytes, an increased proportion of CD4 Ϫ CD8 Ϫ cells, an increased apoptotic index, and oligoclonal Tcrb gene rearrangements. Despite oligoclonal Tcrb gene rearrangements, suggesting the emergence of one or more clonal populations of thymocytes, these thymocytes are not fully transformed, since they do not form tumors when transplanted into immunodeficient mice. 17 In contrast, thymocytes harvested from clinically healthy SCL/LMO1 mice aged 8 to 12 weeks show similar findings in terms of increased CD4 Ϫ /CD8 Ϫ cells, apoptosis, and clonality, but these thymocytes are tumorigenic when transplanted into immunodeficient mice. None of 3 thymocyte samples from 4-to 5-week-old SCL/LMO1 mice had Notch1 Mutations were heterozygous unless otherwise noted. For SCL-LMO1, n ϭ 13; for OLIG2-LMO1, n ϭ 3; for LMO1, n ϭ 1; and for NUP98-HOXD13, n ϭ 2. None indicates no mutation; Del, deletion; Dup, duplication; and hom, homozygous.
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Five oligoclonal Tcrb gene rearrangements, corresponding to 3 to 5 independent clones, were detected in the preleukemic thymocytes from mouse 7151/4; 2 of these Tcrb rearrangements were found in the tumor that arose following transplantation into immunodeficient mice ( Figure 1A) , indicating that one of clones from the preleukemic sample had become fully transformed. The electropherogram from mouse 7151/4 thymocytes revealed low amplitude peaks, suggesting that a minority of the sample had a PEST domain frameshift mutation identical to that seen in the tumor that developed following transplantation. This finding was not unexpected, since the Southern blot suggested that the clone that emerged following transplantation represented less than 20% of the total signal. Since the mutation disrupted an AluI site in the PEST domain, we digested the PCR products with AluI. The mutated allele was barely detectable in 7151/4, consistent with the Southern blot and electropherogram data, whereas the tumor in N5/2 showed primarily mutated allele (the tumor has also lost the wild-type Notch1 allele and the small amount of wild-type PCR product is derived from contaminating normal stroma; Figure  1B ). Therefore, of the 3 to 5 different clones present in the preleukemic sample, the clone with a Notch1 mutation was able to expand and form a lethal, fully malignant tumor in immunodeficient mice.
In contrast to human pre-T LBL, none of the 36 independent samples with Notch1 mutations had mutations in both the HD and PEST domains. In addition, all (30/30) of the PEST domain mutations were insertion or deletion mutations. In contrast, all of the 6 HD mutations were single-base substitutions. Of note, insertion/deletion mutations are characteristic of mutations seen in "stressed" cells [19] [20] [21] and the SCL/LMO1 thymocytes can be Mutations were heterozygous unless otherwise noted. For SCL/LMO1, n ϭ 26; for OLIG2, n ϭ 2; for OLIG2/LMO1, n ϭ 6; for LMO1, n ϭ 2; for NUP98/HOXD13, n ϭ 9; and for p27 Ϫ/Ϫ , SMAD3 Ϫ/ϩ , n ϭ 4.
Del indicates deletion; Dup, duplication; hom, homozygous; none, no mutation. *Previously reported (Lin et al 8 ) . †Polymorphism at 58623GϾA in the HD.
regarded as stressed, given that they have increased apoptosis and proliferation compared with control thymocytes. 17, 22 We have shown that Notch1 mutations are very common in mouse pre-T LBL. In the studies of human pre-T LBL, many of the samples with NOTCH1 mutations had additional mutations, such as SCL or HOX11 gene rearrangements. 6 It is unknown whether the NOTCH1 mutations or the gene rearrangements were the primary event in these samples. Since genetically engineered mice carry a primary mutation (such as SCL activation) in the germ line, the Notch1 mutations were not the initiating events but were acquired as the disease progressed in these mouse models and were not required for the oligoclonal expansion of SCL/LMO1 thymocytes. The mechanism(s) that cause Notch1 mutation in these mouse models remains unknown but might be related to increased metabolic stress caused by increased apoptosis and proliferation in the preleukemic thymocytes. Thymocytes from young, clinically healthy SCL/LMO1 mice were transplanted into nude mice. Thymocytes from mice 8 weeks and older had Notch1 mutations and formed tumors in nude mice. Notch1 mutations are insertion/deletions; the numbers refer to the Notch1 reference sequence (GenBank no. AL732541.11).
Tcrb rgmt indicates clonal Tcrb rearrangement by Southern blot analysis; and NA, not applicable.
